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Abstract 
Oxygen and nitrogen are widely produced feedstocks with diverse fields of applications, but are 
primarily obtained via the energy-intensive cryogenic distillation of air. More energy-efficient 
processes are desirable, and materials such as zeolites and metal-organic frameworks (MOFs) have 
been studied for air separation. Inspired by recent theoretical work identifying metal-catecholates 
for enhancement of O2 selectivity MOFs, in this work the computation-ready experimental (CoRE) 
database of MOF structures was screened to identify promising candidates for incorporation of 
metal catecholates. Based on structural requirements, preliminary Grand-Canonical Monte Carlo 
simulations, and further constraints to ensure the computational feasibility, over 5,000 structures 
were eliminated and four MOFs (UiO-66(Zr), Ce-UiO-66, MOF-5, and IRMOF-14) were treated 
with periodic density functional theory (DFT). Metal catecholates (Mg, Co, Ni, Zn, and Cd) were 
selected based on cluster DFT calculations and were added to the shortlisted MOFs. Periodic DFT 
was used to compute O2 and N2 binding energies near metal catecholates. We find that the binding 
energies are primarily dependent on the metals in the metal catecholates, all of which bind O2 quite 
strongly (80-258 kJ/mol) and have weaker binding for N2 (3-148 kJ/mol). Of those studied here, 






The production of oxygen gas is at enormous levels (>100 million tons/year) and oxygen gas is 
one of the most essential chemicals due to its various uses in medicine, chemical manufacturing, 
coal gasification, wastewater treatment, fuel cells, and the paper industry.1–3 High-purity oxygen 
(>99%) is crucial for a variety of areas, such as medical,3 military and aerospace,4 semiconductor,5 
cylinder filling,6 ozone generation,6 plasma chemistry,6 and oxy-fuel combustion7 applications. 
For instance, for surgeries in the U.S., the minimum oxygen purity is 99%, and it is even higher in 
Japan (99.6%).4 In semiconductor, military, and aerospace applications similar concentrations of 
99.8%, 99.5%, and 99.5%, respectively, are required.4 Thus, effective separation of oxygen and 
nitrogen from air can provide large sources of commodity gas that would lower the cost of the 
aforementioned applications.  
Separation of O2 and N2 has been regarded as one of the most challenging separations due to their 
similar molecular sizes.8 Cryogenic distillation has been used to produce O2 at industrial scales 
since the 1920s.9 However, the boiling points of O2 and N2 at 1 atm are -183 and -196 °C, 
respectively, and so a great deal of energy is required to condense the gases at very low 
temperatures.10 Although cryogenic distillation is a proven technology for large quantities of air 
separation (>200 tons/day), for small and medium scale production more economical alternatives 
around room temperature such as membrane separation, vacuum and pressure swing adsorption 
(VSA, PSA) are possible.11–13 It has been demonstrated that the PSA technique with current 
materials can provide oxygen at concentrations up to 95% for small and medium scale needs with 
much less energy than required for cryogenic distillation.4,10  
Zeolites are traditionally used as adsorbents for many applications, including O2/N2 separation. 
Many zeolites have shown preference for N2 over O2 such as 4A, 5A, LiAgX, LiLSX, and Linde 
10X zeolite, which are molecular sieves hosting different pore aperture sizes with disparate 
chemical contents in terms of silica amount and the absence/presence of various cations (Li, 
Ag).14,15 The more favorable interactions for N2 compared to O2 have been suggested to arise from 
the potent interaction of the quadrupole moment of N2 (-1.4 Debye.Å for N2 vs. -0.4 Debye.Å for 
O2)
16,17 with the electric field in the framework.15,18 For obtaining O2 with air separation, however, 
the adsorbent should selectively capture O2 over N2 around room temperature. Capturing O2 would 
bring great economic benefit compared to zeolites since capturing lean gas with porous materials 
means smaller volumes of gas need to be processed. Metal-organic frameworks (MOFs)19–22 are 
promising candidates for selective O2 adsorption. MOFs can be efficient O2 selective materials 
since they have much wider chemical diversity than traditional adsorbents as well as highly porous 
and functionalizable structures. 
The basic concept underlying the construction of the MOFs is the linking of two building blocks, 
metal nodes and organic linkers, and so almost infinitely many MOFs can be constructed by 
combining different building blocks.23 Recently, the number of experimental and theoretical MOFs 
has risen swiftly and several collections of structures involving MOFs such as the Cambridge 
Structural Database (CSD)24, hypothetical MOFs (hMOFs)23, computation-ready experimental 
MOFs (CoRE MOFs25), and ToBaCCo26 have been reported. 
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Although high numbers of MOFs might initially appear to be an advantage, performance testing 
each MOF experimentally would be daunting in terms of time and financial resources. 
Computational tools can be highly beneficial in accelerating the experimental efforts to find the 
best material for a particular application. Grand-Canonical Monte Carlo (GCMC) is a molecular 
simulation method routinely used to investigate the adsorption thermodynamics in nanoporous 
materials having a wide range of structural diversity.27–29 For instance, Moghadam et al.30 
performed GCMC simulations for more than 2900 MOFs in the CoRE MOF database to acquire 
adsorption loadings and deliverable O2 capacity, both at 298 K. Having identified top MOFs from 
GCMC simulations, they synthesized UMCM-152 and achieved the highest deliverable oxygen 
capacity (22.5% higher than the second top material in the literature) and matching loadings with 
those in experimental isotherms. DeCoste et al.31 made a similar analysis for 10,000 MOFs and 
identified NU-125 as a better O2 storage material than NaX and Norit activated carbon (237%, and 
98%, respectively) in terms of excess capacity. GCMC simulations can be categorized into two 
types: force-field based and ab-initio based simulations. The accuracy of the former heavily relies 
on the force field parameters which determine the intramolecular/intermolecular interactions.32 
Many examples have been demonstrated where generic force fields can make predictions close to 
experimental adsorption values for sorbates such as CH4 and H2.
33–35 However, when Zeitler et 
al.36 studied 98 materials for O2 adsorption using a generic force field, UFF,
37 their comparisons 
with experimental data demonstrated that UFF is incapable of describing O2-open metal site 
interactions accurately. Density functional theory (DFT) is a relatively affordable quantum 
chemical method which can be used to derive specialized force fields that could significantly 
improve generic force field predictions and reproduce experimental data,38–40 but the use of DFT-
based force fields is generally limited to the specific systems for which they were designed. 
Besides, DFT can be used to study adsorption in systems for which a force field is unavailable.41 
Wang et al.42 studied O2 adsorption in M3(BTC)2 (M= Cr, Mn, Fe, Co, Ni and Cu) with PBE-D2 
and found Ni3(BTC)2 to be a potentially useful oxygen adsorbent that could favorably bind O2 over 
N2. Parkes et al.
43 screened the binding energy of O2 and N2 in M2(dobdc) and M3(BTC)2 with 14 
different metals with PBE-D2. The MOFs substituted with early transition metals were 
recommended as the best materials for selectively capturing O2 over N2 because both MOFs show 
higher O2 binding energy with early transition metals than with late transition metals. Similar 
studies have been conducted by Gallis et al.44, Verma et al.45 and Xiao et al.46 on M-BTC (M = 
Mn, Fe, Co, Cu), Fe2(dobdc), and Co-BTTri and Co-BDTriP, respectively. 
Open-metal MOFs that have been synthesized and studied experimentally regarding O2 
adsorption/separation typically have had critical performance failures such as poor cyclability 
and/or limited separation performance except at relatively low temperatures. For example, 
Cr3(BTC)2 exhibits much more favorable O2 adsorption interaction compared to the physisorption 
of N2, driven by a partial electron transfer from Cr
2+ to the bound O2 sorbate, but it shows a steady 
decrease in O2 uptake for repeated cycles.
47 A Co(II) carborane-based MOF shows an O2/N2 
selectivity of 6.5 at low pressure, but it quickly diminishes to ~2 at higher pressures.48 Bloch et 
al.1 have demonstrated that Fe2(dobdc) is an O2 selective MOF, but with irreversible O2 binding 
above 226 K. They found that charge transfer from Fe(II) to O2 changes from partial transfer at 
low temperature into complete transfer at room temperature. Later, Bloch et al.49 reported that Cr-
BTT exhibits rapid O2 adsorption/desorption kinetics with good O2/N2 selectivity. These studies 
4 
 
illustrated the importance of the presence of redox-active metal in MOFs for preferential O2 uptake 
over N2. However, these open metal MOFs have been known to lose crystallinity and O2 adsorption 
performance when adsorption conditions are not well controlled.50 In contrast, Co-BTTri and Co-
BDTriP showed good recyclability up to 10 cycles, but they exhibited high selectivities only at 
low temperatures (13 and 40 at 243 K for Co-BTTri and Co-BDTriP, respectively).50 Low O2/N2 
selectivity at room temperature is a common problem for MOFs. For example, it has been shown 
that MOF-177 possesses an O2/N2 selectivity of 1.8 at 298 K, 1 atm.
51 Likewise, UMCM-1 exhibits 
an O2/N2 selectivity of 1.64 at similar conditions (298 K, 0.96 bar).
52 MOFs demonstrating high 
O2/N2 selectivity around room temperature have not been reported yet to the best of our knowledge, 
which is a gap in material space that is one of the motives of this work. 
Metalated catecholate linkers have brought new opportunities in adsorption due to the strong 
interactions between the open metal site in the metal catecholate with multiple sorbates (e.g., 
Weston et al.53), and thus could be used to obtain higher O2/N2 selectivity and O2 uptake. A 
previous computational investigation54 predicted that metal catecholates (Mg, Sc, Ti, V, Cr, Mn, 
Fe, Co, Ni, Cu, and Zn) could be beneficial for air separation. Except for Cu catecholate, all metal 
catecholates were shown to interact stronger with O2 than N2. Fe and Zn catecholates were 
suggested as the most appropriate choices due to relatively weak affinity towards O2, which is 
expected to result in a relatively easy desorption and improve the regenerability of the system. In 
addition, generation of strong adsorption sites at the metal-catecholate rather than at nodes could 
be a good way to avoid structural stability issues. Conventional open metal sites in metal nodes 
are closely related to structural integrity, since the weakest bond in MOFs is the metal-ligand 
bond.55,56 In contrast, the metal sites in metalated catecholate linkers are not directly bonded to the 
pristine MOF structure and are not expected to play a significant role in the general structural 
stability. While there are additional synthetic and reusability challenges that arise from the 
reactivity of the catecholates and the undercoordination of the metal, metal-catecholates and 
related moieties have already been synthesized in several MOFs57–61 and porous organic 
polymers53,62–64, with applications in gas separations62, gas storage53, and catalysis57,58,60,63,64. For 
example, Fei et al.58 reported the synthesis of UiO-66(Zr) with Cr-catecholates for oxidation 
catalysis with no loss of Cr and with good stability with respect to temperature and aqueous 
solvent. Similarly, Huang et al.60 reported the synthesis of and hydroboration of carbonyls on 
ANL1-Ti(OiPr)2 with no significant loss of the alkoxide-supported Ti, and Tanabe et al.
63 found 
that functionalizing a porous organic polymer with a TaV trialkyl resulted in no loss of thermal and 
structural robustness. 
In this study, we aim to develop highly O2 selective MOFs for O2/N2 separation by inserting metal-
catecholates into experimentally known MOF structures. Our objective can be divided into two 
targets: to find parent MOF structures that can be good platforms for metalated structures, and then 
to develop metalated MOF structures from the parent ones. The scheme of this multi-stage work 
is depicted below in Figure 1. In the first stage several structural criteria, which are indicated in 
the Computational Methods section, are applied to CoRE MOFs to identify MOFs with appropriate 
pore space where metal catecholates could be incorporated. In the second stage the shortlisted 
MOFs are used, without any modification, in binary GCMC simulations (O2/N2 = 20:80) to predict 
O2/N2 selectivity at 1 bar, 298 K. MOFs with O2/N2 selectivity larger than 1 are considered to have 
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good potential for selective O2 separation, inasmuch as they are not N2-selective and will therefore 
not have structural effects counterproductive to our goal of O2 selectivity. In the third stage metal-
catecholate functionalized MOF structures are generated for the screened pristine MOFs, with the 
metals selected based on previous work54 and new cluster DFT calculations. Duplicate metalation 
sites are excluded using an in-house developed code in Python. In the last stage a subset of the 
metalated MOF structures are chosen based on computational feasibility of structural optimization 
and the binding energies of O2 and N2 are calculated with periodic DFT.  
 
Figure 1. Multi-stage screening approach. 
 
Computational Methods 
Overview of the screening procedure 
Our work consisted of multiple steps, summarized in Figure 2. The CoRE MOF database includes 
5,109 experimentally reported MOF structures. The initial 5,109 structures were reduced to 2,867 
by requiring 6-membered rings consisting of C and/or N atoms and requiring that at least two 
adjacent ring atoms have one H atom attached to each. These requirements ensured that the given 
structures have site(s) for inserting metalated catecholates, resulting in the selection of MOFs that 
have organic ligands containing benzene(-like) moiety such as 1,4-benzenedicarboxylate (BDC) 




Figure 2. Screening process for selecting metalated MOF structures for DFT calculations. 
 
Next, MOFs were required to have pore limiting diameters (PLD) larger than or equal to 3.114 Å 
and largest cavity diameters (LCD) larger than or equal to 8.000 Å. The pore limiting diameter 
(i.e., pore aperture diameter) minimum was chosen as 90% of the O2 kinetic diameter, which 
filtered out most of the MOFs that would experience high diffusional constraints. The largest 
cavity diameter (i.e., largest pore diameter) was chosen so that there would be enough space 
available in the pore space to incorporate a metal catecholate. The pore specifications reduced the 
number of MOF structures to 684. 
In anticipation of GCMC calculations and recognizing the need for relatively reliable charges for 
the framework atoms, MOFs were omitted that involve atoms for which there were not sufficient 
electron affinity and ionization potential data in the EQeq code,65 mostly lanthanides and actinides. 
To reduce computational cost for subsequent periodic DFT calculations, MOFs were also required 
to have less than or equal to 300 atoms per unit cell. Thus, 261 MOF structures out of the original 
5,109 survived to GCMC calculations. Note that omissions for computational feasibility took place 
only after the structural screening was complete, and so only 423 structures (i.e., less than 8.3% of 
the original 5,109) were excluded from GCMC calculations for the technical reasons described 
here. See the Supporting Information for further details on the size-excluded structures. 
Structural Analysis 
MOF structures were obtained from the CoRE MOF database, which includes experimentally 
reported structures only.25 Potential sites for metal-catecholates, i.e., 6-membered rings of carbon 
and/or nitrogen atoms, of which two adjacent ring atoms have one H atom each attached, were 
identified using the geometry analysis tools of Platon.66,67 Geometrical analysis on pore sizes and 
the number of open metal MOFs was conducted with Zeo++.68 Additional structural analysis for 
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metalated MOF structures was performed with custom in-house code as described in subsequent 
sections. 
GCMC 
Binary GCMC simulations for binary gas mixtures (20% O2, 80% N2) were carried out using the 






where N is the gas uptake (in units of molecules per simulation cell) and x is the mole fraction of 
this component in the feed mixture. Adsorbate-adsorbate and adsorbate-MOF interactions were 
modeled through a combination of Lennard-Jones and Coulomb potentials. The force field 
parameters for O2
70and N2
16 (3-site models) were obtained from the TraPPE force field, while UFF 
Lennard-Jones parameters were used for the framework atoms. The framework atoms were 
assigned charges based on the EQeq65 (extended charge equilibration) method. Although the 
framework flexibility may play an important role in some adsorption cases,71–74 in this study the 
atomic positions were kept frozen during the simulations due to the unavailability of generic 
flexible force fields. The Lennard-Jones interactions were truncated at 12 Å without analytical tail 
correction, as is common in simulations for MOFs.75,76 (Larger truncation distances do not lead to 
any significant change in selectivity, as shown in the Supporting Information.) The Ewald 
summation technique77 was used with a relative precision of 10-6 for electrostatic interaction 
calculations. The GCMC simulations involved 50,000 cycles in total with equal equilibration and 
production cycles, where the allowed GCMC moves were translation, rotation, reinsertion,78 
molecular identity change, and random insertion/deletion with equal probability. Here, a Monte 
Carlo cycle is defined as max(20,N) Monte Carlo steps, in which N denotes the total number of O2 
and N2 guest molecules in the simulation box. The gas loadings were computed in 5 blocks (i.e, 
for 1-10000, 10001-20000, …, 40001-50000 cycles). The ratios of gas uptake in the first and last 
simulation block over the average gas loading are plotted in Figure S8, which shows the 
insignificant deviations along the simulation. As a supplement, the average and variance of these 
ratios are presented in Table S11 where it can be seen that the averages over all materials are very 
similar in the first and last simulation blocks for both O2 and N2 and the spread of these ratios is 
narrow, which implies that 50,000 cycles were sufficient to get converged GCMC results. 
 
Generation of Metalated Catecholate Functionalized Structures 
Metalated MOF structures were created from the prescreened pristine MOFs (EDUVOO [IRMOF-
14], RUBTAK02 [UiO-66(Zr)], SAHYIK [MOF-5], and Ce-UiO-66) by inserting only one metal-
catecholate moiety in each potential metalation site (defined above under “Structural Analysis”). 
Ce-UiO-66 is not included in the CoRE MOF database, however, it has been added to our list of 
materials to study the effect of metal type in MOF nodes on binding energies, which was 
previously shown to be large for the binding energy of H2O.
79 In this work, we report both the 
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refcode (i.e., a 6-character alphanumeric reference code) and common name for a MOF structure. 
Note that there might be multiple refcodes for a specific MOF depending on experimental 
conditions such as temperature, the presence of solvent molecules, etc. The geometry of the added 
metal-catecholate moiety was obtained from the DFT optimized geometry of N2 bound to Zn-
catecholate as published in previous work.54 The MOF structures with metalated catecholates were 
checked for steric hindrances and symmetrical redundancy using an in-house code developed in 
Python, the procedure of which is detailed further below. 
In the environmental analysis implemented in the code, a unit cell was expanded to a supercell 
with consideration of an environment checking radius of 15 Å for periodic boundary conditions. 
Next, within the checking radius centered on the added metal atom, up to 50 nearest framework 
atoms or more when distances of the atoms are too close (<0.05 Å) were selected to produce 
environment information for the specific metalation site. Four different characteristics were 
calculated as the environment information: atom type, distance between the added metal atom and 
the framework atom (𝑟𝑖𝑗), angle between the vector from the center of a ring to the added metal 
atom and the vector from the added metal atom to the framework atom (𝜃1), and angle between 
the vector from one oxygen atom to the other oxygen atom in the catecholate ligand and the vector 
from the added metal atom to the framework atom (𝜃2 ). Finally, based on the environment 
information, duplicate metalation sites were excluded (Figure 3). In addition, sterically unphysical 
metalation sites, which were too close to other framework atoms (<2.5 Å), were also filtered out. 
 






Many different metals could be considered for the metal-catecholates, and treating each of them 
in each shortlisted MOF structure with periodic DFT would have required more calculations than 
could readily be performed. Instead, we chose a selected list of specific metals based on cluster 
calculations in previous work54 and additional cluster DFT calculations using PBE-D3(BJ),80–82 
which allowed for direct comparison to periodic DFT results. In keeping with previous work,54 the 
binding energies of guests (O2 and N2) to a given metal-catecholate were calculated as the energies 
of the isolated guest and the isolated metal-catecholate (Figure 4) subtracted from the energy of 
the catecholate-metal-guest supersystem (Equation 2). 
 
Figure 4. Cluster model of metal-catecholate system. 
 
Ebind = Ecomplex − Emetal−catecholate − Eadsorbate (2) 
All new cluster DFT calculations were performed with Amsterdam Density Functional (ADF) 
201783–85 using the all-electron TZ2P basis set86 and the zeroth-order regular approximation 
(ZORA) for scalar relativity corrections.87–89 All spin states were considered. The calculated Gibbs 
free energies are based on a standard state of ideal gas at 1 atm. For the sake of simplicity in the 
periodic DFT calculations, only 2+ oxidation states were considered for the data presented here. 
Metals were selected based on estimated availability of precursors and the likelihood of obtaining 
a 2+ oxidation state, specifically Be2+, Mg2+, Ca2+, Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Zn2+, Sr2+, Pd2+, 
Cd2+, Ba2+, Pt2+, and Pb2+. 
Periodic DFT 
The periodic spin-polarized DFT binding energies of O2 and N2 were calculated using the Vienna 
Ab Initio Simulation Package (VASP)90,91 with PBE-D3(BJ).80–82 In these calculations, both the 
MOF unit cell information and the MOF atomic coordinates were used as reported in the CoRE 
MOF database. A metal catecholate was incorporated into the viable MOFs (see Results and 
Discussion for details) and then the adsorbate molecules were initially placed near the metal 
catecholate in three orthogonal configurations and were then fully optimized. For Co and Ni in the 
metal-catecholates, high spin states were assumed for the metals with ferromagnetically coupled 
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O2 in the framework. All periodic DFT calculations were performed using Γ-point sampling and a 
500 eV kinetic energy cutoff. The energy and force convergence criteria were 10-5 eV and 0.01 
eV/Å, respectively. Missing hydrogens in the RUBTAK02 structure were added as in Yang et al.92 
in order to have a neutral structure. The proton topology assigned for UiO-66(Zr) follows that of 
the most stable configuration of NU-1000 as demonstrated by Planas et al.93 For periodic DFT 
calculations, the electronic binding energy is defined as: 




Results and Discussion 
 
 
Figure 5. Binary GCMC O2/N2 (20%/80%) selectivity for 261 pristine MOFs obtained at 1 bar, 
298 K.  
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In Figure 5, a histogram of the O2/N2 selectivities obtained from the binary GCMC simulations is 
shown for the 261 pristine MOFs. The selectivity varies between 0 and ~1.5, but most materials 
perform near a selectivity of 1. Unexpectedly, there are seven MOFs that show highly N2 selective 
behavior (0 < 𝑆O2/N2 < 0.4), but all of these contain open metal sites. A more detailed analysis for 
NEXXEV, the most N2 selective material, indicates that (after removal of solvent molecules) the 
structure contains rows of free (essentially uncoordinated) Li cations that cause erroneous partial 
charge assignments with the EQeq method and lead to unreasonably strong interactions with N2 
molecules (see Supporting Information). Detailed GCMC results can also be found in the 
Supporting Information. 
Our screening analysis focuses on the materials that are O2 selective (𝑆O2/N2 > 1) based on the 
GCMC results. These materials have structural properties that allow preferential adsorption of O2 
over N2, taking into account dispersion and electrostatic interactions only. However, it should be 
noted that the generic force fields (i.e. UFF) may fail to accurately account for the interactions 
between the sorbates and the adsorbent32 for structures both with open metal sites (e.g., CO2 
adsorption in Mg-MOF-7440) and without open metal sites (e.g., Ar adsorption in ZIF-839). Thus, 
in reality, these O2 selective materials could exhibit higher selectivity than predicted by GCMC 
simulations. For example, the experimental O2/N2 selectivity is calculated as ~1.7, and ~1.7-1.8 
for UMCM-1, and MOF-177, respectively, by taking the ratio of pure O2 and N2 adsorption 
loadings at 298 K, 1 bar.52 To test the proximity of UFF predictions with respect to experiments, 
we performed pure O2 and N2 GCMC simulations and the O2/N2 selectivity is predicted to be 1.05 
and 1.02 for UMCM-1 and MOF-177, respectively. Our conclusions match those of Zeitler et al.,36 
who found that UFF failed to account for O2-metal interactions in a study comparing the 
experimental O2/N2 selectivities of several MOFs to those obtained by GCMC simulations . Thus, 
the calculated GCMC O2/N2 selectivities in this work likely underpredict O2/N2 selectivity that 
would be obtained in experimental conditions. Accordingly, it should not be assumed that the 
GCMC step of the screening identifies that the best candidates without further screening being 
necessary. On the contrary, the GCMC step only eliminates the cases that would be N2-selective, 
which would be counterproductive for O2-selective modifications. 
To obtain a more accurate description of O2 and N2 adsorption, periodic DFT calculations were 
performed on the metal-catecholated versions of a subset of these materials. Considering only 
cases for which 𝑆O2/N2 > 1 left 210 surviving MOF structures out of the original 5,109 for possible 
metalation. From these 210 structures, a total of 4,977 potential metalated structures can be 
generated by assuming every two adjacent H atoms in the rings can be transformed to a metal-
catecholate complex, and by including only one metalation site per metalated structure. However, 
to perform DFT calculations for all the generated potential metalated structures would be a 
daunting task, especially as there would need to be at least 7 calculations per metalated structure: 
with and without two different gas molecules, N2 and O2, and with 3 different initial configurations 




Figure 6. Generation of metalated structures for the periodic DFT calculations. Color code: 
oxygen atoms, red; carbon, gray; hydrogen, white; nitrogen, blue; metal, blue-gray. 
 
To narrow down the number of potential metalated structures for further DFT calculations, 
metalated structures with duplicate or sterically unrealistic metalation sites were excluded via 
environment comparisons (Figure 3) using in-house developed code. Unrealistic metalation sites 
could be created when the added metalation site is in a small pore, or the direction of the metal-
catecholate complex (i.e., direction from the center of a ring to the added metal atom) faces toward 
the pore wall (see Supporting Information for details). Note that this set of exclusions is therefore 
physically motivated, not merely a concession to computational limits. 
Following the environment comparisons, 564 unique metalated structures from 168 parent MOF 
structures were obtained. To simplify the analysis, MOF structures that possess more than one 
unique metalation site are ruled out. MOFs with multiple unique metalation sites would likely have 
an unpredictable mixture of metalated sites in experiment, making it more difficult to make 
comparisons between experiment and theory. While it is possible that some of the excluded 
structures could yield even better air separation capabilities than those we consider for the 
remainder of this study, our focus on this work is identifying several promising candidates in such 
a way that the computational results can be experimentally tested. 
Of the 564 possible metalated structures, only 55 have only one unique metalation site. In these 
structures, the structure nodes feature different metals: Cd (1), Cu (8), Mn (2), Sc (1), Zn (41), and 
Zr (2), where the number in the parentheses is the number of structures. 55 structures would still 
have led to an overabundance of calculations, so we attempted to select a diverse sample by 
considering at least one MOF with each metal in the node for DFT optimization after the metal 
catecholate incorporation. However, we observe that for many structures incorporation of the 
metal catecholate led to large structural changes during the optimization (e.g., for UKIQIP-Zn-cat 
the Zn of the catecholate unit is found to approach closely the C atoms of the nearest benzene 
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ring), and we surmise that these structures would not be stable in their metal catecholate form. In 
general, we have observed that converging to a physically reliable structure (i.e. no undesired bond 
breakage/formation) becomes harder as the metalated linker points more towards the MOF 
scaffold rather than the open porous space. In those cases, the strong confinement effect around 
the metalated linkers may be responsible for the significant distortion of the structure. We have 
not investigated the effect of the orientation of the metalated linker on the optimization of the 
structures, however, as it is beyond the scope of our screening study. For simplicity, our metalated 
structure optimizations are initialized with the same orientation of the linkers as in the pristine 
MOFs. Only SAHYIK (Zn)-M-cat, EDUVOO (Zn)-M-cat, and RUBTAK02 (Zr)-M-cat resulted 
in functional structures after optimization (SAHYIK: Zn4O(BDC)3, where BDC
 = 1,4-benzene-
dicarboxylate, EDUVOO: Zn4O(PDC)3 where PDC = pyrene-2,7-dicarboxylate, RUBTAK02 (H 
atoms added): Zr6O4(OH)4(BDC)6) where the interatomic distances are reliable with no undesired 
bond formation/breakage. The vibrational frequency calculations of the optimized structures are 
not performed due to the high computational cost. It is notable that these MOFs have large pores 
where the metalated linkers are oriented towards the pore space. The structures identified using 
the screening methodology are listed with their structural information in Table 1 for parent and 
metal-catecholated MOFs with 5 different metals in catecholates that will be discussed in the next 
paragraph. Note that UiO-66(Zr) (here as RUBTAK02) has been successfully used before as a 
support for metalated catecholates.58,59 As expected, with the addition of metal catecholates, there 
are slight decreases in void fractions. However, in terms of pore sizes, the incorporation of metal 
catecholate can cause an increase or decrease depending on the rotation of the linker in the 
optimized structures. 
 
Table 1. Final MOF candidates studied for O2/N2 separation. 
MOF Metal node 
Metal-
catecholate 






- 7.8 14.9 0.77 
Cd 8.0 15.1 0.76 
Co 8.0 15.2 0.76 
Mg 8.0 15.1 0.76 
Ni 8.0 15.2 0.76 




- 10.6 20.9 0.84 
Cd 10.4 21.0 0.83 
Co 10.4 21.0 0.83 
Mg 10.4 21.0 0.83 
Ni 10.5 21.0 0.83 




- 3.9 8.5 0.47 
Cd 4.2 7.7 0.44 
Co 4.2 7.7 0.43 
Mg 4.2 7.7 0.44 
Ni 4.2 7.7 0.45 
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Zn 4.2 7.7 0.45 
UiO-66 Ce 
- 4.4 9.1 0.50 
Cd 4.5 8.1 0.48 
Co 4.5 8.1 0.47 
Mg 4.5 8.1 0.48 
Ni 4.5 8.1 0.48 
Zn 4.5 8.1 0.49 
 
In selecting the candidate metals for the metal-catecholates, it is important to strike a balance 
between the absolute O2 binding energy, which is important for reversibility, and the difference in 
O2 and N2 binding energies (Esep = Eb, O2 - Eb, N2), which speaks to potential for separation. In the 
previous cluster calculations54 all metals other than Cu (i.e, Mg, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and 
Zn) were predicted to be O2 selective and had high values for Esep, but were also predicted to have 
extremely high absolute O2 binding that would likely be irreversible. In order to see whether the 
magnitude of the O2 binding might decrease at the periodic level, we selected the cases with the 
(relatively) weakest O2 binding among the investigated metals above: Co, Mg, Ni, and Zn. 
However, when their periodic DFT binding energies were calculated in this work, they were found 
to be similar to the cluster DFT binding energies and therefore still have very strong absolute O2 
binding energies (in the Supporting Information, Table S3). Therefore, for this study we performed 
new cluster calculations on a larger set of metals in order to identify more favorable metal 
candidates. As explained in the Computational Methods section, these metals were selected for 
their expected experimental feasibility based on the availability of synthetic precursors and 
accessibility of the 2+ oxidation state. The results of the new cluster calculations are presented in 
Figure 7, and as before, most metals studied are predicted to have overly strong binding for O2. 
There is not necessarily a known specific value for the electronic binding energy below which O2 
binding will be reversible, in part because it would depend on the thermal stability of the specific 
MOF support. However, we expect that ideally the absolute O2 binding energies would need to be 
within ~20-40 kJ/mol, and therefore in order to obtain good O2/N2 separation the absolute N2 
binding energies would ideally be near 0 kJ/mol so as to maintain a maximum differential. Of the 
metals studied, only Cd and Pb offer sufficiently low absolute N2 binding energies. In Cd-
catecholate, the difference between O2 and N2 binding energy is substantial, which suggests N2 
may not compete with O2. This competitive advantage is not expected to hold for Pb-catecholate 
due to the smaller difference between O2 and N2 binding energies. In light of these factors, Pb 
catecholates are not considered further, and the final list of metals for the metal-catecholates is Cd, 
Co, Mg, Ni, and Zn. We acknowledge that all of these metals feature absolute O2 binding energies 
larger than 40 kJ/mol, but as we discuss further down we believe there are mitigating factors that 
keep Cd within the realm of practical possibilities. While Co, Mg, Ni, and Zn all have much larger 
absolute O2 binding energies and are not expected to allow for reversible binding, we include their 
periodic DFT results for the sake of analyzing whether binding trends are exclusively due to the 





Figure 7. PBE-D3(BJ) binding energies (Eb) of O2 and N2 in cluster models. Results presented 
here use the lowest energy spin state for each system.  
 
The selected metal-catecholates are included in four MOFs to obtain the binding energies using 
periodic DFT. Those binding energies are then compared with those from cluster models. Figure 
8 presents O2 and N2 binding energies for each material, where the type of metal-catecholate is 
denoted with a suffix after the MOF name (i.e. MOF Name-Zn-cat). The binding energies shown 
in Figure 8 are calculated with the lowest energy configurations optimized from the three 
orthogonal initial positions. Note that the MOF structure (i.e. the environment of the metal 
catecholate) has limited effect on the strength of O2 and N2 adsorption, as can be seen when 
comparing data with the same metal-catecholates in different MOFs. However, it should be 
indicated that a different observation is possible for other MOFs, especially MOFs having smaller 
pores that create larger confinement effects around the adsorbate. Such an effect does not exist in 
the studied structures due to the distance of the atoms (except the metal catecholate) around the 
adsorbates. Besides the full framework effect, it should also be noted that the binding energies of 
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O2 and N2 change very little when comparing between UiO-66(Zr) and its Ce analogue, implying 
that the effect of the metal in the node is minimal when the binding is taking place at a metal-
catecholate inserted into a linker. The nature of the support structure, however, may remain 
relevant in that some degree of thermal stability will be required in order to maintain structural 
integrity during the adsorption and release of O2. The strength of O2 adsorption follows the order 
of Mg-cat > Co-cat > Ni-cat ≈ Zn-cat > Cd-cat while N2 adsorption strength is in the order of Ni-
cat ≈ Co-cat > Mg-cat ≈ Zn-cat > Cd-cat. To estimate the O2/N2 selectivity in periodic systems, 
the following relation is used: 
SO2/N2,DFT = 𝑒
−(∆𝐺𝑂2−∆𝐺𝑁2)/𝑅𝑇 (4) 
Here, ΔG = ΔE + ΔGcorr where ΔE is the electronic binding energy obtained in the periodic model 
and ΔGcorr is the difference between ΔG and ΔE obtained from the cluster calculations. As can be 
seen in Table S10, SO2/N2,DFT follows the order: Mg-cat > Zn-cat > Cd-cat > Co-cat > Ni-cat for 
all MOF types. It should be noted that SO2/N2,DFT is only a qualitative value that is used to give an 
idea about the selectivity trends at low pressure. It should not be considered a quantitative value 
for selectivity (i.e. SO2/N2,DFT value of 0.3 for SAHYIK-Ni-cat does not imply that structure is N2 
selective, it rather demonstrates that, among SAHYIK materials, SAHYIK-Ni-cat is predicted to 




Figure 8. PBE-D3(BJ) binding energies (Eb) of O2 and N2 in RUBTAK02 (UiO-66), Ce-UiO-66, 
SAHYIK (MOF-5), and EDUVOO (IRMOF-14) incorporated with metal-catecholates (Mg, Co, 
Ni, Zn, and Cd). 
 
In order to rationalize the binding energy trends, we further analyzed our periodic results for 
EDUVOO MOF and calculated Quantum Theory of Atoms in Molecules (QTAIM) charges using 
the Bader charge analysis code developed by the Henkelman Group at the University of Texas – 
Austin94–98 on the catecholate metal center and on the bonded O2/N2 molecules. We do not see a 
significant difference in the QTAIM charges of metal centers when comparing between the three 
different guest conformations, so the QTAIM charges of the metal centers are reported for the most 
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stable conformations only (in the Supporting Information, Table S9). We note that while charge is 
an important electrostatic descriptor, there is another key difference between these metals, namely 
that the Co and Ni metals have partially filled d orbital shells while Mg, Zn, and Cd are 
characterized by all shells of a given angular momentum being fully filled. We found that for Mg, 
Zn, and Cd, the QTAIM charge on the metal center follows the same order as that of the binding 
energy (i.e. Mg > Zn > Cd). For Co and Ni, we observed that for Co-catechol the QTAIM charge 
on the Co center is slightly higher than that of the Ni in the O2-bound catechol, suggesting that O2 
binds slightly stronger to the Co-catechol compared to the Ni-catechol because it oxidizes the 
metal to a greater extent. The charges on the Co and Ni centers are very similar in the N2 bounded 
structures and thus their N2 binding energies are very similar as well. 
The periodic results mirror those reported for cluster calculations in previous work54 because the 
large pores result in there not being a significant adsorption site near the adsorbate other than the 
metal catecholate. Zn-cat had lower absolute O2 and N2 binding energies than most of the other 
metals studied due to a full 3d subshell that minimizes covalency in O2 or N2 binding. In our 
current work, we see that Cd has even lower absolute O2 and N2 binding energies than Zn; this is 
consistent with the more diffuse character of the Cd 5s orbital compared to the 4s for Zn, which 
leads to the guests binding at greater distances and with reduced electrostatic interactions as well 
as reduced overlap for any covalent contributions to binding. 
While a significant difference between O2 and N2 binding energies in favor of O2 adsorption would 
be beneficial for efficient O2/N2 separation, absolute O2 binding energies cannot be too large 
without causing a high energy requirement for regeneration. O2 and N2 binding energies in MOFs 
with Mg-catecholate suggest that, in spite of the large Esep, they are not the ideal materials due to 
having overly high absolute O2 binding energies (over 220 kJ/mol). MOFs with other metal-
catecholates also exhibit high absolute O2 adsorption energies (~80-180 kJ/mol) despite being 
lower than those in MOFs with Mg-catecholates. Within the five metal catecholates studied with 
periodic DFT, Cd-catecholates lead to the lowest absolute O2 adsorption energies in MOFs (~80-
95 kJ/mol) together with low absolute N2 adsorption energies (~3-20 kJ/mol). Even at 80 kJ/mol, 
however, it would likely be difficult to evacuate O2 from the material at low pressures, which 
would lead to a high regeneration cost when using these MOFs to separate an O2/N2 mixture. That 
being said, there are several possible solutions. In this work, the adsorption energies of only the 
first molecules adsorbed are investigated in detail. However, it is likely that many of the 
subsequent molecules would adsorb with less energy, which can render a material partially 
regenerable. This hypothesis is best tested using MOFs with Cd-catecholates, as their O2 
adsorption is expected to be weaker than the other materials. To illustrate this idea, DFT 
calculations employing two O2 molecules near the Cd-catecholate of EDUVOO have been 
performed with different initial positions selected for O2 molecules. The lowest energy 
configuration shows a combined binding energy for two O2 molecules to be -110.4 kJ/mol, or an 
average of -65.2 kJ/mol. As the lowest binding energy for the first O2 molecule in EDUVOO-Cd-
Cat is -79.9 kJ/mol, this implies that a second O2 molecule will have weaker binding than the first 
one. Furthermore, it may be possible to weaken the intensity of the O2 binding by further 
functionalization of the catecholate carbon ring. Zhang et al. have found that the redox capabilities 
of a metal-catecholate can be tuned by adding functional groups to the opposite side of the 6-
membered ring.61 While their study was for catalysis, it is possible that a similar strategy could be 
used for gas separation. Because tuning the redox activity would likely proceed by adding 
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functional groups to the 6-membered ring according to established principles of organic chemistry, 
our current work should serve as a useful starting point for any such future studies. 
 
Conclusions 
Air separation has long been an active research topic because oxygen and nitrogen are highly 
desired gases for many industries and applications. In contrast to earlier N2-selective zeolite 
studies, this work focuses on the potentially O2-selective MOFs. O2-selective materials are more 
economically desirable for high-purity and high-volume oxygen due to requiring lower volumes 
of processed gas in a real application. The MOFs that are investigated in this work (RUBTAK02 
(UiO-66(Zr)), SAHYIK (MOF-5), and EDUVOO (IRMOF-14)) are shortlisted from the CoRE 
MOF database using structural criteria and binary GCMC O2/N2 selectivity data. Ce-UiO-66 is 
also added to this list despite not being a constituent of the CoRE MOF database in order to study 
the effect of metals in UiO-66 nodes on adsorption energies. These MOFs are modified with metal 
catecholates (Mg, Co, Ni, Zn, and Cd) to investigate O2 and N2 binding affinity using DFT. In 
general, the change in O2 and N2 binding energies across different MOFs is small, implying the 
dominant factor to be the metal type in the metal catecholate and that the MOF structure has only 
a secondary effect on the binding energies. This suggests that, in most of the cases, the interaction 
of sorbates near metal catecholates is dominant over other moieties in the structure. Since overly 
strong adsorption is not favored for regenerability, materials that have relatively low absolute O2 
binding energies are sought, along with low absolute N2 binding energies for high O2/N2 
selectivity. Out of five metal catecholates, Cd-catecholates show the least intense O2 adsorption 
(~80-95 kJ/mol), and with much less favorable N2 adsorption (~3-20 kJ/mol). The big difference 
between O2 and N2 binding energies could enable high O2/N2 selectivity, however, due to the 
relatively high O2 binding energies, MOFs with Cd-catecholates likely would experience 
regenerability problems. It is possible, however, that in practice O2 binding would be weaker than 
predicted due to anions or solvents such as water binding to the metal, increasing the coordination 
number. It also may be possible to tune the binding energies by modifying the catecholate carbon 
ring. Although it is not studied in this work, another approach could be using these MOFs for 
catalysis, where these materials might provide a suitable medium for oxidation of molecules such 
as methane or ethane. 
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